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TECHNOLOGY/APPLICATIONS

IV Fluidmakers: Preparation of Sterile Water for Injection

In a Field Setting

.W. DICKINSON BURROWS” and JAMES H. NELSON

U. S. Army Biomedical Research and Development Laboratory, Fort Detrick, Frederick, MD

ABSTRACT: Two approaches have been investigated for generating USP sterile, pyrogen-free water for injection
(WFI1) from potable water in the field. The first approach utilizes reverse osmosis (RO), ion exchange, a solid
matrix filter containing activated carbon and zeta adsorbent, a final 0.2 um pore size sterilizing filter and a device
for transferring the WFI to an 1V bag; prototype systems based on three different hand-operated RO units weigh
1.5-3.5 kg and are capable of producing WFI at rates of 1-10 L /hr. Parenteral solutions were made by adding
WFI to an IV bag containing concentrated Ringer’s lactate. The second approach, still in the breadboard stage, is
similar but utilizes a larger ion exchange column in place of the RO unit and a multiport distribution head to fill a
set of 18 1-L [V bags. This system, considered to be disposable, is capable of generating water of WFI quality at a

fill rate of 0.5 L./min from a pressurized source.

Introduction

The U.S. Army has recognized a need to manufacture
intravenous (1V) fluids under conditions where resupply
of medical items is uncertain, and has called for develop-
ment of a device to produce sterile water free of
pyrogens (i.e., bacterial endotoxins) from a potable
source. The product water is to be introduced directly
into one-liter bags containing concentratcd parenteral
salts so as to make solutions suitable for IV infusion.
Two configurations are envisioned: one, a hand-
operated device capable of producing a minimum of !
L/hr and small enough to be carried as part of the
aidman’s kit; the other, a disposable system capable of
producing at least 50 L in two hours from a pressurized
source and occupying no more than two cubic feet. At
present, the smallest system for production of IV fluids
projected to be available in the field is the Resuscitation
Fluids Production System (REFLUPS), a-100 L/hr,
desk-size device with substantial water and power re-
quirements, employing reverse osmosis (RO) technol-
ogy (1). A 2-kg device developed for the National
Acronautics and Space Administration (NASA), capa-
blc of producing 12 L of sterile watcr for injection, is
based principally on ion exchange and ultrafiltration
2,3).

We perceive that the target for the devices in question
is sterile water for injection (WFI), as defined by USP
XXM (4). The one criterion that cannot be met by any
fluidmaker (including REFLUPS) at the outset is that
the source water satisfy U.S. Environmental Protection
Agency (EPA) criteria, which spccify maximum contam-
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inant levels for a large number of organic and inorganic
chemicals commonly found in water supplies. Army field
potable water standards (Table I) are necessarily less
stringent (5). For example, potable water prepared from
scawater by means of the 600 gallon/hour reverse
osmosis water purification unit (ROWPU), the most
advanced water treatment system in the Army inventory,
has chloride levels exceeding the EPA secondary stan-
dard by two-fold or more. For this reason, tests have
been carried out with waters that would not meet EPA
source criteria, and use of the term “WFI" in this paper
does not address these criteria. We believe that use of
potable water meeting Army standards will not compro-
mise the safety of the product, while recognizing that
this product will not qualify as USP WFI.

Materials

Reverse Osmosis Units

Specifications for three hand-operated RO units (Re-
covery Engineering, Inc., Minneapolis, MN) are pre-
sented in Table II. The smallest is the Survivor® 06
(S06). The Survivor®™ 35 (S35) is identical in configura-
tion to the Survivor® A90 (SA90) but cannot be disas-
sembled for storage. All three units use FilmTec® FT30
spiral-wound, thin-film composite membranes which
provide 98% sodium chloride rejection at 225 psi (1600
kPa), 25°C and pH 7. Connections between all units
uscd in thesc tests were made with Tygon® tubing of
appropriate size. The RO membranes were protected
from bacterial degradation by trcatment with sodium
bisulfitc when not in use.

Ton Exchange (1E) Colunns
Barnstcad/Thermolyne Corp. (Dubuque, 1A) D8902
IE columns containing 1.4 kg of strong acid/strong basc
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TABLE Il

TABLE |
Army Quality Standards for Potable Water Reverse Osmosis Units
Short Term Long Term Production
) Standard Standard Length Wt Rate
Constituent (7 Days or Less) (More than 7 Days) Model {ecm) (kg) (mL/min)
Physical Survivor® 06 20 1.1 20-25
Color — 50 units Survivor® A90 38 3.2 200
Turpxdny Reasonably clear 5 units Survivor® 35 57 3.2 100
Chcm'ca,l 4 Disassemblea.
Arsenic 2.0mg/L 0.2 mg/L
Chloride — 600 mg/L
Cyanide 20 mg/L 2mg/L Fine Particle Filters
Magnesium — 150 mg/L
Sulfate — 400 mg/L A Whatman® (Maidstone, Eng.) Gamma-12 filter
Total dissolved unit, fitted with the grade 20 filter tube (0.2 pm rating)
solids - 1500 mg/L was used for initial tests of the disposable fluidmaker.
Chemical Agent The tubes were autoclaved (121° for 30 min) before use
Hydrogen cyanide 20 mg/L 20 mg/L AU . . ’
Lowisite 2 mg/L 0.2 mg/L For all subsequent tests, a Filterite (Timonium, MD)
Mustard 20 mg/L 0.2 mg/L UIA4A spiral wound string filter cartridge was used.
g g
5 Ntcr\fclagc;nlis 0.02 mg/L - The stainless steel and brass filter cartridge housing
acteriologica R H M N o
Coliform LOper 100mL 1.0 per 100 mL (Model 910562 QOO) weighed .2.5 g w1t_h fittings; the
spiral wound string filter cartridges, which were auto-

“ Reference 5.

mixed resin were utilized where large columns were
required. For RO-based systems, a small ion exchange
column was fabricated from a 15 cm length of PVC
tubing of 1.75 cm inner diameter. The PVC tube was
packed with resin from a fresh Barnstead D8902 car-
tridge, retained at each end with foam plastic filter
matcrial taken from the same cartridge.

Water Purification Filters

The First Need® water purification filter (General
Ecology, Inc, Lionville, PA) is a plastic-encased, solid
matrix cylindrical filter containing a proprietary mix of
activated carbon and positive and negative zeta poten-
tial adsorbents; it is rated by the manufacturer at 0.1
micron nominal and 0.4 micron absolute and produces
400 to 500 mL/min at the recommended pumping rate.
Total weight is 200 g, and water holdup is 20 to 30 mL.
Seagull® filter cartridges (type RS1-SG), acquired from
the same company, are of similar material. Each car-
tridge weighs 480 g, and the stainless steel housing

weighs 725 g.

Sterilization Filters

The following filters, 0.2-0.22 pm pore size, were
used: for the fluidmaker employing the S06, 25 mm
cellulose acetate syringe filters, (Nalge Company, Roch-
ester, NY); for the SA35, Cameo IV presterilized nylon
syringe filters (Micron Separations Inc., Westborough,
MA); for the SA90, 7.5 cm cellulose acetate REFLUPS
filters (Abbott Laboratories, North Chicago, IL). For
most tests the filter was connccted on the downstream
side to a REFLUPS concentrate transfer set (Abbott
Laboratorics), a 28 cm long, 4 mm diamecter Tygon®
tube with a spike pin at one end and a Luer-Lok® syringe
connector at the other, thus providing a means for sterile
transfer of the WFI to an 1V bag,.
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claved (121° for 30 min) before use, had a dry weight of
40 g each.

Receiver Set

REFLUPS receiver sets (No. 15257, Abbott Laborato-
ries) were used for all tests of the disposable fluidmaker.
Each sterile set consisted of 18 1-L IV bags, a 7.5 cm
diameter, 0.22 pm pore size sterilizing filter and a
docking device, all contained in a plastic wrapper. The
dry weight of each 18 1-L bag recciver set was 1.2 kg.

Distribution Head

An indexed, 19-port valve constructed from s:ainless
steel and Teflon® weighed 1.54 kg and was designed to
accept the REFLUPS receiver sets (Fig. 1).

Parenterals

Lactated Ringer’s concentrate (20:1) was manufac-
tured by Abbott Laboratories for Sterimatics Corpora-
tion.

Methods
Challenge Waters

Various water sources were used to challenge the
fluidmaker and its individual components. Total dis-
solved solid (TDS) levels from 600 to 1500 mg/L were
achieved by amending Fort Detrick tapwater with so-
dium chloride and sodium sulfate. Source water was
dechlorinated either by allowing an open container of
water to stand for several days or by adding 0.1 g of
sodium bisulfite to cach 5 gal (19 L) of tapwater. The
dechlorinated water was additionally allowed to stand
for 1-2 weeks to build up naturally occurring bacteria
and endotoxins.

Test Procedures

Water treatment components were tested individually
and in combination. For the RO system, the trcatment
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Figurs 1-DistRuticn head for baggng WEI e dsposable sys-
e

tamn (Fiz. 2) consisted of an RO unit. IE columa
(omiticd for some tests). water parification filter. stenl-
tzing filter. and transfer sct with IV bag (omitted for
some tests). The transfer sct and sterilizing filter were
replaced with cach IV beg fillcd: both filters were
replaced whenever there was = break in water produc-
tion without bagging (ic. every 520 L). 1V bags were
Bicat-sealed until sampling or scaled temporanly with a
stotied plastic 12b. For the disposablc system. the treat-
ment train (Fiz. 3) consisted of a peristaltic pump. fon
cxchange columa. water purification filter. fine particle
filter. and recciver set with disiribution head. Filling

Potablie Source

|
2 3
1 ‘
, L& 1
5
1 - RO unit
2 - IE column
3 - carbon/zeta filter 6
4 - 0.2 micron filter
5 - traonsfer set
6 - IV bag

Figure 2e-Seherrnaiic of wates purifies bhased Cn revtsse o3Imoss.
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tubes were fempoeraniy scaled with a pressure camip
after all bags were filled.

Analytical Methods

The samples for bacteriolvzical and Limulus amebo-
ote hsate (LAL) testing were collected in sterile Fal-
con® 2027 screw cap tubes. In general. a singic sample
was collected for cach liter of product water. The
Pyrogent Plus® LAL gel test kit was supplicd by Whit-
taker Bioproducts. Inc. Walkersvile. MD. Using the
manufxcturer’s test procedure. the sensitivity was 0.06
cufml.: triplicate 1ests were conducied for all samples.
Bacterial t¢sting was conducted using prcparcd BBL®
sheep blood madia (Becton Dickinson Mirobiological
Sustems, Cockeyseille. MD). Plates were incubated at
37 for 1S hours. and in most cascs duplate tosts were
performed. Cenduciivity was determined using cither a
VWR Screntific (Madiz. PA) portable conductivity me-
ter or a Presto-Tek® conductivity mater (Preston Scicn-
tifk. Anabcim. CA) Chloride (detection mit 20.1
mzfL). sulfate (detection limit 201 mgfl.) and ammo-
niuzm (detection imit <1 mg/L,} ions were determined
by ton chromatezmaphy (Diwacx 4000 scrics. Sunmyvake.
C:\) {6). Other water q-.mlx Y paramcicss were deter-
minct by procedures given in USP XX (3).

Results and Discussion
RO-Based Sosiens

The protoiype fluidmaker developed in this siudy is
tased on RO technology. Fnown to be cffecine in
removal of mast dissolved onganic and inonganic impuri-
tics and micreonganisms, including vituses (7). An on
cxchange unit is required to fuither reduce dissolved
salts. Depyrozenztion of WL is coremonty achicved by
ulirafilitation: kowever. this would kac requined incos-
portion of an xdditional pump inte the system. since
the hand-operated RO units employed are dosigned to
opcrate with very little net increase in water prossuic.
Instead. a water purification fiiter. such as thase uwsad by
campees or for end-of-pipe treatment in houscholds, ix
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the third main unit of the system. These filters com-
moniy contain activated carbon, which is effective in
trapping many low molccular weight orgaaic chemicals
not removed by RO. and they alse remove pathogens
and pyrogens. A sterilizing filter of 02-0.22 pm limiting
porc size is the final clemeni in the trextment train (Fiz
2). Various considerations dictated the use of off-the-
shelf items where available.

Threce hand-operated RO units were investigaied: the
Sunviver™ 06 (SB5) with its o wciated compenents is
smali cnough to fit into a proteciine mask container {a
desired constrzint): the Sundivor™ A% (SAY)) and
Sunvivor™ 33 (S$33) arc not. Polyamide membranes of
the type used generatly remove 98% of dissohved sodium
chloride. and all RO uniis achicved this remosal. The
small jon cxchange column fxbricated for this study has
an exchange capaciiv of 1 g of sudizm chlonide. sufficient
to demineralize 100 L. of water contaiping 10 mefl of
sodium chloride to a spedific resistiviiy & § megohm-cm.
(% column must be supported in an epright position
to woid flow channcling: however. the Army has desel-
opcd under contract several small fon exchange units
that can be operaied in any oricntation.) Sterile. pyrogen-
free water (but not W) was prepared from various
watcr sources using oaly o First Need® sofid matrix
water purification filics. Pond water and other waiers
with pyrogeniaty cxeceding 100 cndnioxin urits/ml.
(cufml.) were tosted. but in no instance did pyrosens
cxeed the detection limic of 006 cu/ml. in product
water from a fresh Finst Need'® filter. much fess she USP
XXII standand of 0.25 cu/ml,-

All three RO-based systems conistenily provided
sterile. pyrogen-frec water: when the small toa cachange
unii wxs included tn initial studies. the product water
wxs cquivalent in all parmmetens measured 6 USP XXH
Steriie WF1 (Table HI) (5.9). Samplex bagecd and
stored for seven days (with o7 sithout IV concentric)
remained sterile and pyrogen-free. However. in an
extended series of tesise with up to 5€ 1, of water
collected from caxch of five SB8- and S35- basad systerms,
procuct water excceded the USP XX chloride limit
(05 mz/L). nhether or not an fon exhange unit v
cmployed. duc in past to leaching of salt from tie Finst
Neod* filter mateix (10, 11). Future systerms will have an
ton cxchange uait with high purity resin follosing. mther
than preceding. this fifter. (Commeraal grades of fon
cexchange resins may be contaminated with bacteria and

Ieach cadotoxins.) A second concern with the Finst
Need*® fiiter is discharge of small gquantities of fine
particles. which eventually piug the sterilizing filter. For
future systems the sterilizing filter will be protected by a
disposable fine particle fifter. further discussed below.

Wetted components of the fividmakers. when expossd
1o air. were rpidiy coloaized by mixed gram-negative
bacteriz. thereby compromising botl  pyrogenicity and
sterility. Ficld sanitization of the system is not practical.
Because tiiere are no suitable ficld tests to assure that
the product is pyrozen free and sterilz. quality must be
assured by system design and operating  procedurcs.
Thus. to assurc preduction of sterile. pyrogen-free water
the sterilizing filter. transfer sct and 1V bag should bs
repizced as a unit after cach liter of WFI is produced.
and the waier purification filter 2nd fon exchange unit
should be discarded after cvery 25 L. or whenever
production of WFI s discontinucd.

Diposable System

The disposable system was conceived with the thought
that the high production requirement and ihe uncer-
wisiy of an extemnal power supply rule out the usc of
reverse tsmosiss on the other hand. the 50-L limit and
system disposability permit the use of disposable on
cxchange columas for total sait and heavy metals re-
movzl. (Neither this swstem nor the NASA swstem
mentioned above can preduce WFI acoding to USP
XX which specifies that WFI be geaemated by RO or
distiliation) (4} The studics reported abave showed that
pyrozen and pathogen removal can be achicved through
usc of 2 solid matrit activaicd carbon and zeta adsorbent
filtcr of the kind used for houschold tapwater purifica-
tion. The breadboand treatment system devised for the
preseni study consisted. in serics. of a stroag acid/strong
base mixed resin ion exchange column. carbon filicr. finc
particic filter and 2 02 posicrilizing filter (Fig. 3). For
preduct colleciton we utilized 2n 1S-bag tramsfer sct
orniginzlly devcloped for REFLUPS: a hand-operated.
multipont indexed valve directed fiuid flow (Fig. 1).
Fluid transfer to indiidual IV bags was readily achicved.
and no [eakoee occurrad. Feodawater flow was main-
tamcd wsing a perstaliic pump. The combined weizht of
all components (cxcept the pump) was Iess than 10 ke,
and the compkic device with three bag scis (total
capaaly 34 L) ovcupicd o more than the cubic fect. 2

requincd.

TABLE I
Pesdorrmance of Siidmakers®
i SO; Cx* NH, Pyroaens Sterility”
Sampic fomz!1) il il /1) tenfmld tcolomics/ml.)
Clnlierye watcr Ssop Db <6 1 381 ~ Lo
Sewoll: IS n ML < NM N\
S\ u o il 33 St L -1 N\ N\
Suith 113 1 ¥ ] BD L -1 o Ui Na zreath
S\ with 1 018 1)) ML -1 - % Nu gronth

“ Cenplcte data are procidnd i Ref S

P 1E # s euwhunpe, N # ont porxuazad, BU # Beboo detoetona s, MU« gorets Boens foe calomm aevnrdess S USE XXTL €a £ emBateun

i,
* Cizvrosth B Booees aftey platars,
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The breadboard test sysiem producced sterile. pyrogen-
frec water at a rate of (0.5 L/min at a feed pressure of
one atmosphere from challenge water containing levels
of bacteria |2 11.000 colony forming units (cfu)/ml.]
and pyrozens ( = 60 cu/mL) much higher than would be
expected for any potable source (12). However. endo-
toxin brcakthrough at the detection limit with the
Scagull® RS1-SG filter oceurre * at 38 L of product from
a challenge greater than 100 cu/mL. To assure 34 L of
pyrogen-free water it may be necessary to install a new
fiiter for cach I8 L bag sct. or to substitute the larser

RS2-SG fiiter (700 g vs. 430 g) and housing (1.2 k. Vs,
725 g). Combined weights would be about the same for
cither alicrnative.

Performance with respect to removal of TDS was
measured in terms of conductivity. The upper limit on
conductivity for W1 is 20 usicmen/em (3); however. o
assurc that chloride docs not execed 05 meil. WFI
should have conductivity no greater than ca. 1 gsicmen/
cm. The Bamstecad DS92 cariridecs emiploved (ex-
change capacity 78 2 as sodium chloride) met this Iimit
(=25%) from a challenge water with a TS of . 1000
mg/L and conductiity of 1250 = 50 psicmen/em (Fig
4): breakihrough did not oxxur until toial product
volume had cxceeded 60 k- There is significant Ieaching
of conductive materials from the RS1-SG filter {Fiz. ).
but this groblem should be comrectable by means of a
sccond. much smalier. high parity ion exchange column
following the filter. The size and shape of this column
would be dictated by flow considerations mther than
exchange capacity. which need rot inany cvzat cxgied |
2 as sodizm chloride. Electrodeionization would be an
atiractive alicmative to ton exchange for this polishing
step (13). if such a sysiem could be adapicd to operate
from the 23 volt power supply of militasy vehicles.

The function of the finc p:m:dc filicr & to protect the
sterilizing filter. part of the receiver sct. from blockage
by small pasticles shed by the RS1-SG fifier. A \\’hal-
man® paper tube filter rated =t 6.2 pm pore sire served
this function. but plugeed after 43 L of produgt water. A
Filterite® wound stiing cartridee proiceted the stenliz-
ing filter. vhich showed no signs of restrictad flow after
morc than 100 L of p'udud The weight of the stainles
stecl and brass howsing. 235 ke, b a disadvantage. butwe
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a X “.
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Figure 3w Concduntivly of procixt walsy S Csposadic sy
w. ion erehange colum piis BSLSE exiwn fites:
BORorn, ik exchanse colurnn only,
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have Ieamed that a plastic housing of Jighter weight is
available. The string filiers tested incorporated a spin
finish which gave a false positive LAL indication for the
first few fiters of {iltrate: however. the manufacturer fas
informed as that a prmnsht.d medical grade filter.
identical in all other respects. is available.

Feuuther Research Needs

Dexising and validating a system to intreduce paren-
teral concentrates into the W1 may present the greatest
challenge in ficlding the fluidmakers. For this study.
seme IV bags were prepared containing 50 ml of
Iactated Ringer's concentmate (20:1). US. Pharmaco-
peial specifications call for an accuracy of =3 percent in
sodium chloride concentration. corresponding to =50
ml of WFI per I-L. bag. We achicved this fevel of
accuracy using small spring scales calibrzied to 225 2
NASA has undertaken rescarch on the problem of IV
concentratess 2 report is in preparation (14).

Sterile cosure of fiiled IV bass ako requires further
research. To simulate capabilities aeailable in the ficld.
some 1V bags were permancently sealed by heating the
filling tube with a small butance torch to the point of
softening. then immediately pinching off the wbe with
flat-nose plicrs: this procedure was zffective if cumber-
somic. A better sofutiva may be to have slotted plastic
tags o7 other clamping devices incorporated during
manufacture of the receiver sets. Altemately, abatteny-
cpemated heat scaler could be devised. It should be
rotcd that mast of the test items incorporated in the
systems doscribed hove ot wet been cpproved for
madical use: extensive icsting noeds 1o be performed
under Good Laboratory Practices and Good Manufactur-
ing Practices before these systens can be fickded.

Summary

Twe approxches have boen investigated for senerat-
inz water of WFI quality under ficld conditons from
poitable cquipment. Onc. in kxic prototype stage. uii-
lres reverse esmosis. while the other. still in tie bread-
board staze. relics solcly on tvn cxhange for salt
remunal. o\hho_v-h the sstems devbsed consistentiy
produce sterile. p\mn-frcc water from apwsicr e
taining high bacterial lowels. the prodxt aater will
require xdditivaal rcatment to qusbicnty moet USP
XXt stamdzrds for W with rospeet to salt fevels.
Further rosearch s nocdad te develop a procedure for
mtaxluction of parcnter! corenteates amd to devise a
methend for sterile closune of 1V dags in the ficld.

Disclai

The findings @ il papes are ma (o be comstiucd ax
an eificial Depariment of the Ay pesition unles so
designated by oiher acthorizad documsats. Citations of
commercial viganizziions o7 tiade mames in this repert
do na constitute an olficizl endorscment or appaonzl of
the products or sonices of ihae mrganirations.
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